A measurement model has been developed to describe ultrasonic measurements made with circular piston transducers in parts with flat or cylindrically curved surfaces. The model includes noise terms to describe electrical noise, scatterer noise and echo noise as well as effects of attenuation, diffraction and Fresnel loss. An experimental procedure for calibrating the noise terms of the model was developed. Experimental measurements were made on a set of known flaws located beneath a cylindrically curved surface. The model was verified by using it to correct the experimental measurements to obtain the absolute scattering amplitude of the flaws. For longitudinal wave propagation within the part, the derived scattering amplitudes were consistent with predictions at internal angles of less than 30°. At larger angles, focusing and aberrations caused a lack of agreement; the model needs further refinement in this case. For shear waves, it was found that the frequency for optimum flaw detection in the presence of material noise is lower than that for longitudinal waves; lower frequency measurements are currently in progress. The measurement model was then used to make preliminary predictions of the best experimental measurement technique for the detection of cracks located under cylindrically curved surfaces.
INTRODUCTION
There is a need to detect crack-like flaws lying below the surface of the borehole in aircraft engine disks. l Further, it is essential that high reliability detection techniques be developed to satisfy the need of the Retirement for Cause Program. l Figure 1 shows the borehole in the middle of an engine turbine disk . Cracks near the borehole tend to grow radially, so that the crack is viewed edge-on as seen from the center of the borehole. Here we describe procedures for detecting the cracks ultrasonically. The procedures assume that the "borehole is immersed in water and that only the backscattered signals from the crack are to be detected. The detection task is difficult because the cracks generally lie in a radial plane of the borehole. Thus they present a small cross sectional area to the waves that are propagating radially through the borehole surface and produce a low amplitude backscattered signal. To increase the amplitude of the signal, the incident signal may be transmitted obliquely through the cylindrical surface of the borehole. This leads to refraction and focusing of the beam. The precise nature of these effects are dependent on the radius of curvature of the borehole and so link the detectability question to the specific part geometry.
We focus on understanding the wave propagation and flaw scattering aspects of this problem. It is known that the signal-to-noise ratio of such measurements can be increased by using special astigmatic lenses to focus the ultrasound beam on the crack . 2 This aspect has not been pursued because of the need to first understand the fundamentals of a wave interacting with a curved interface and a crack.
The approach taken has been to first develop a model that quantitatively accounts for the various propagation losses encountered by the beam . The complex scattering amplitude of the crack is also incorporated into the model. Several approximations are used to obtain analytic expressions for the propagation losses. A geometrical acoustics (ray theory) approach is used to investigate the validity of some of these for the case of a cylindrically curved interface and to obtain a qualitative understanding of the refraction and focusing effects that occur at the curved interface.
In order to determine the detectability of flaws, the model also includes noise terms representing electronics, AID converter, scattering and "echo" noise.
The composite model resulting from the various contributions mentioned above was then verified by making experimental measurements of known flaw types in a diffusion bonded sample having a curved surface. The results of these measurements are presented and discussed; deficiencies in the model are identified and improvements are suggested. Finally, the optimum measurement geometry, frequency range and wave propagation mode (longitudinal or shear) are suggested.
THE MEASUREMENT MODEL Introduction
The ultrasound which is sent by the transducer to the flaw and later detected by the same or another transducer undergoes a number of processes during the course of the measurement. These include diffraction, attenuation, transmission and reflection at boundaries and the scattering from the flaw. The measured signal consists not only of this signal coming from the flaw but includes several competing signals from other sources. These include noise and ultrasonic echoes of an unwanted nature. In order to determine if a flaw is present, this composite measured signal is operated on by a detection algorithm that estimates the likelihood of there being a flaw present. In a conventional ultrasonic instrument, this consists of measuring the peak height of the video form of the received signal and determining whether it exceeds a preset threshold. These aspects of the measurement process are summarized in the following equations,
where S is a function that determines whether or not the flaw was detected, M is the signal measured by the ultrasonic transducer, and D is the detection algorithm. The measured signal in turn consists of several components, M = flaw signal + noise (2) The signal and noise terms each contain a number of factors, which will be described in the next sections.
In conventional ultrasonic measurements, the detection process is performed directly on the measured signal. However, for more sophisticated detection techniques and for flaw characterization, it may be desirable to remove from the measured signal effects due to the ultrasonic transduction, propagation and noise by estimating the scattering amplitude of the flaw itself. To do this, it is necessary to make a reference measurement to obtain the temporal response of the transducer and measurement electronics. A measurement model for this reference measurement is presented below.
The Flaw Signal
The measurement model used for the flaw signal has been developed by R.B. Thompson. 3 The model assumes a uniformly excited circular transducer. The flaw is assumed to be small with respect to variations of the ultrasonic field in the vicinity of the flaw. The model is formulated in the frequency domain, allowing the various processes affecting the signal to be treated as multiplicative factors. The signal due to a flaw at a given position can be expressed, in the frequency domain, as
where V is the frequency response of the transducer and associated electronics; L gives the attenuation undergone by the ultrasound; T gives the Fresnel transmission losses encountered at the interfaces; C is a diffraction term that gives the field at the scatterer due to a monochromatic excitation of the transducer; A is the scattering amplitude of the flaw, a is the radius of the transducer; and t is the position of the flaw.
The system response V(w) depends on the properties of the particular transducer used and on the electrical properties of the associated electronics. It is best determined empirically by means of a reference measurement.
The next three terms of Eq. (3) L, C and T involve the propagation of the ultrasonic beam from the transducer to the flaw. These factors account for the attenuation and diffraction over the propagation path as well as the focusing caused by the curved surface of the part and the Fresnel transmission loss at the interface between the part and the water. A reciprocity argument can be used to show that the same change in the amplitude will occur as the scattered spherically diverging beam propagates back to the transducer. 3
The factor L(w) gives the attenuation that results from absorption or scattering in the metal and from absorption in the water. The magnitude of the attenuation is small on a per unit wavelength basis and can be treated phenomenologically by means of a multiplication factor of the form (4) where am' aware the attenuation per unit distance in the metal and water, respectively, and 2 m , 2w are the distances traveled in the metal and water, respectively. Measured values of the a's are then inserted in this term of Eq. (3).
The next two terms in Eq. (3), C and T, result from a general expression for the on-axis displacement amplitude of the ultrasonic beam. This expression, derived by Thompson,3 is reproduced here. (5) Here Vo is assumed to be the particle velocity amplitude of the beam as it leaves the transducer. The quantity A (uo,v is a slowly varying function of the spatial frequencies (i.e., the angle of incidence), it can be taken outside of the integral. Unfortunately, for transmission through curved surfaces this approximation is not valid if either the longitudinal or shear waves are near cutoff. When circumstances permit TOl(uO'v O ) to be taken outside of the integral, the integral can be evaluated to obtain: 3
and !'oS
The quantity T2 in Eq. (3) is given by (7) where Tol is the Fresnel Transmission coefficient from water into metal and Tl o is that from metal into water T. A circular transducer of radius a having uniform excitation has been assumed. The variable of integration ~ arises from the conversion of the spatial frequencies from a rectangular coordinate system (u o ' v o ) to a polar coordinate system (q, ~). F is the paraxial focal length of the surface.
If the further approximation that ~S « S is made, then the integral in Eq. (6) can be evaluated to obtain: 3
The approximation ~S « S corresponds to the requirement that the flaw not be located near a focus of the beam. When the experimental verification of the model is discussed, it will be seen that this approximation is not always valid for a borehole geometry. In these cases the integral in Eq. (6) must be evaluated numerically. Equation (8) can be written as (9) where C is the factor in Eq. (3).
The complex scattering amplitude A(w) relates the displacement field of a scattered, spherically spreading wave to that of an incident plane wave. It is dependent on the shape, size, orientation, and composition of the flaw. Calculations for a wide variety of flaw shapes are available and can be used as needed. For the specific case of a circular crack, the scattering amplitude is only available in the Kirchhoff approximation (i.e., for ka > 2) and in the long wavelength limit (ka «1). Some numerical results are available but their validity is uncertain for the orientations that are of interest here. 4 The work described below uses the scattering amplitude from a spherical void to verify that the other aspects of the model are working properly.
The Reference Signal
In order to determine the system frequency response V(w), a reference measurement is made by reflecting the sound beam off of a flat surface. Note that the diffraction process in this case is fundamentally different than for a small flaw. Each point on the flat surface scatters sound back to the transducer.
The model used for the reference measurement 3 is (10) D gives the sound field at the rece~v~ng transducer due to a sinusoidal excitation of the transmitting transducer. L again describes the attenuation, and Ro is the reflection coefficient for plane waves reflecting off the surface. D has been calculated by Benson and Kiyohara S who produced a set of tables for various propagation distances and transducer diameters. An analytic expression has been derived by Thompson and Gray.3 Noise Signals
Unwanted signals that interfere with the measurement process can be either stochastic in nature or can be coherent with the desired signal. It is of interest to establish the source and character of the dominant source of noise in a particular measurement. In some cases it may be possible to reduce the noise. If not, an optimum detection algorithm can be developed to discriminate against the noise. The four noise sources considered as being potentially significant in these measurements are (1) Electronic noise, (2) AID converter noise, (3) Material noise, (4) "Echo noise." The electronic noise is stochastic and is found to have a white power spectrum in the frequency ranges that are of interest for these measurements. It can be reduced by improved instrumentation or by temporally averaging the received signals.
If the system processes the data digitally, then there will be quantization noise due to the analog to digital (AID) converter. This noise depends on the type of AID converter used and is in general dependent on the signal which is applied to the AID converter.
These measurements were performed with a Biomation 8100 transient recorder. It is known 6 that the quantization error of this instrument can be reduced to sufficiently low levels by suitable averaging techniques.
Material noise is produced by the scattering from grains, pores, inclusions or other inhomogeneities in a material. The scatterers are often smaller than the wavelength of sound, leading to a noise power spectrum which increases rapidly with frequency. This strong frequency dependence will be seen below to be a major factor influencing the choice of the frequency used for ultrasonic inspections. The detailed nature of the noise arising from materials that are of interest for engine disk manufacture, such as INlOO, Ti-6246, and Waspalloy has been measured by Tittmann and Ahlberg. 7 Modeling the material noise involves accounting for scatterers located off the transducer axis. In this case, a large number of scatterers in a volume defined by a constant acoustic path length from the transducer all scatter sound back to the transducer. This process has been modeled approximately by Fertig and Richardson. 8 This model assumes that the noise is the sum of the scattering from a large number of small spherical voids distributed randomly in space. The flaw measurement model for on-axis flaws is then used to calculate the signal from each void. This model works well at frequencies for which the voids are in the far field of the transducer. At higher frequencies, the near field nulls of the on-axis diffraction pattern produce an unrealistic drop in the noise power spectrum with increasing frequency.
By "echo noise" we mean ultrasonic signals received from macroscopic features of the part being inspected, i.e., the tail of a large front surface echo which may not have completely decayed by the time a flaw signal arrives, or a mode converted echo off of some feature of the part which arrives coincidentally with the flaw echo. Like material noise, echo noise interferes with the flaw detection process. Unlike material noise, however, it is often possible to know the nature of the echo noise ahead of time and correct for it in the measurement process, i.e., the tail of a front surface echo can be eliminated by subtraction of a stored copy of the front surface echo.
In the measurements reported in the next section, electronic and AID converter noises were reduced (by signal averaging) until they were smaller than the material noise. Echo noise was not observed to exceed material noise. Therefore, in the measurements reported, the fundamental material noise was the limiting noise process.
EXPERIMENTAL VERIFICATION OF THE MEASUREMENT MODEL
In this section we present the results of experimental measurements on flaws below curved surfaces that are used to determine the range of validity of the measurement model. This section contains (1) ray theory used to study the propagation of a sound beam through a cylindrically curved surface and to determine the transducer position required to inspect a flaw from a variety of directions; (2) a description of the samples being used in the measurements; (3) the reference flaws used to verify the measurement model which were ultrasonically verified to be sure that they were labeled correctly; and (4) measurements made to verify the measurement model.
Ray Tracing
Geometrical ray tracing has been used to study the effect of a cylindrically curved interface on a sound beam. Paraxial focal distance of a collimated beam after passing through a cylindrical surface .
plots for ultrasonic beams incident from water onto a metal surface having a radius curvature of 88.9 mm . Several different angles of incidence are shown. The angle of incidence is measured between the central ray of the beam and the surface normal of the metal. Only the transmitted long itudinal beams are shown in Fig . 2 . Note that the cylindrical surface acts as a lens and focuses the beam. Furthermore, as the angle of incidence increases, the location of the focal point moves closer to the interface. The var i ation of the paraxial focal distance with i ncident angle is plotted in Fig. 3 . Note that it varies from slightly less than one-third of the radius of curvature to zero when the incident beam reaches the critical angle for longitudinal waves . Thus for the flaw depths that are of interest for turbine bores, the focal point will scan through the flaw as the angle of incidence is varied .
For small incident angles, the transmitted beam comes to a sharp focus with little aberration. In this range the characteristics of the focal spot are determined by diffraction considerations. The amplitude can then be determined from Eq. (5). However, as the incident angle approaches the critical angle, the beam profile becomes asymmetric . In this region the beam has become smeared out wi th little concentration of the energy about the central ray. This beam smearing due to aberration effectively limits the maximum angle of incidence for flaw detection . Furthermore, the characteristics of the beam focus are dominated by the aberrations. It is no longer valid to use Eq. (5).
Qualitatively the characteristics for shear waves are similar to those of the longitudinal waves . The variation of the focal length with incident angle is shown in Fig. 3 . The shape of the curve is similar to the one for longitudinal waves but covers a larger range of focal distances. As with the longitudinal waves, beam smearing due to aberrations limits the maximum angle of incidence for flaw detection and the range of validity of Eq. (5).
For the specific case of a radially oriented crack, we can gain some insight regarding the parameters affecting the choice of the maximum angle between the impinging ultrasonic beam and the radial plane containing the crack. The maximum effective refraction angle of the transmitted beam is limited by aberrations. The magnitude of the aberrations is influenced by the velocity ratio of the water and the metal, the radius of curvature of the borehole, and the aperture of the transducer. The maximum angle is also dependent on the depth of the crack below the surface. We can only expect the measurement model to work in situations where the transmitted beam characteristics are due to diffraction. Further, we should not expect Eq. (8) to be valid for angles of incidence where the focal point of the transmitted beam is near the flaw. The validity conditions of Eq. (8) are also violated if the Fresnel transmission coefficient varies significantly across the aperture of the beam such as occurs near the critical angles.
Description of Test Samples
To verify the measurement model and to measure the detectability of radially oriented cracks, a sample is being fabricated from INlOO using a diffusion bonding process. The sample, shown in Fig. 4 , contains two flaws located 1/2 inch below a 3.5 inch radius cylindrical surface. The two flaws are a 3200 ~m radius simulated fatigue crack and a 1200 ~m radius spherical void. The crack was prepared by placing yttria powder in a circular region on one of the pieces of INlOO so that a disbond would result during the diffusion bonding process. The spherical void was prepared by drilling hemispherical cavities in each piece of the sample before bonding them together. The spherical void is an omnidirectional scatterer whose properties are well known. It will allow the measurement model to be verified without having to cope with the additional complications that a crack introduces. These complications include a highly anisotropic scattering pattern and scattering amplitudes that have not yet been calculated for all scattering angles and all frequencies. The sample will allow the flaws to be interrogated through the sloping plane surface (Fig.  4) as well as through the cylindrical surface. Thus the aspects of the measurement model concerned with propagation through flat surfaces can be verified separately from those aspects concerned with propagation through curved surfaces. Each test, however, will use the same flaw, the same material, and will have approximately the same propagation path length within the INlOO. Figure 4 shows the diffusion bond plane as a dotted line and typical inspection directions as dashed lines. 
Verification of the Reference Flaws
The transducer used for the measurements was unfocused, with an aperture of 1/4 inch. The measured spectrum peaked at about B MHz.
The sample and the transducer were both mounted in the immersion tank of the Ultrasonic Test Bed. 9 The water path was adjusted so that the flaw was in the far field at all frequencies of interest.
To verify the measurement model, backscattered signals were acquired from one of the spherical flaws over a range of angles. It is most convenient to refer to the angles of the ultrasonic beam after it has been transmitted through the curved surface of the sample. Referring to Fig . 1 , the flaw is assumed to be at the center of the coordinate system and the internal angles are measured relative to an axis that passes through the center of curvature of the cylindrical surface. The internal angle is designated Sint. The incidence angle of the ultrasonic beam at the sample's surface is designated Sinc.
Prior to making measurements to verify the measurement model, it was necessary to verify that the flaw had its nominal shape and composition. A set of backscattered signals was acquired from a nominal 800 ~m diameter AlZ03 spherical inclusion using longitudinal waves. The results showed that the flaw was an isotropic scatterer that had characteristics more closely resembling those of a void than those of an inclusion. We believe that the AlZ03 inclusion may have disbonded from the surrounding titanium after the diffusion bonding process.
Verification of the Measurement Model
Having established that the flaw being examined behaved ultrasonically as a spherical void, it was appropriate to proceed with the verification of the measurement model. The verification process consists of comparing the angular dependence of the scattering amplitudes deduced from the measurement model with the angular dependence obtained theoretically. Since the flaw is an isotropic scatterer, there should be no angular variation of the scattering amplitude. Measurements of the backscattered longitudinal signals were made over a range of internal angles from -53° to +42°. The scattering amplitude was deduced using the measurement model. Figure 6 shows the experimental results. For each of the experimental measurements, the magnitude spectrum of the scattering amplitude was calculated using the measurement model. The mean amplitude of the three highest peaks of this spectrum was calculated and plotted vs the internal angle. Also shown in Fig. 6 are the uncorrected values of the peak amplitude obtained from the frequency spectra of the raw waveforms. For internal angles in the range of -30° to +30°, the corrected amplitude is within ±2 dB of the amplitude at zero degrees. This indicates that the model is successfully correcting the measurements. At larger angles, the correction is clearly unsuccessful. In this range one or more of the assumptions made in developing the model are invalid.
There are two assumptions that are likely to cause problems. Recall that the focal distance of the rays transmitted through the curved surface is a function of the angle of incidence. For an internal angle of 40° this focal point lies on the flaw. This violates the assumption made in deriving Eq. (8) that ~S/S «1. Consequently, for the range of internal angles where ~S/S is not much less than unity, we need to numerically evaluate the integral appearing in Eq. (6) . For larger angles the shape of the ultrasonic beam is dominated by the effects of aberrations rather than by diffraction effects. The model is valid only for the correction of diffraction effects and would have to be modified to account for aberrations if it is to be valid in this angular range. Measurements were also made with shear waves at the same frequency. The measurement model predicts (see next section) that shear wave measurements should be made at approximately 1/2 the frequency of longitudinal measurements in order to avoid excessive material noise. The measurements verified that the flaw was barely detectable at this frequency. Lower frequency measurements are currently in progress.
OPTIMUM MEASUREMENT TECHNIQUES
The problem of detecting cracks beneath the surface of the borehole in an engine disk can be difficult. To determine the optimum measurement technique, one must consider the interplay between the various factors that affect the signal-to-noise ratio of the measured signals. The following factors have been identified as being significant: (1) size, shape and orientation of the crack, (2) depth of the crack below the surface, (3) radius of curvature of the borehole, (4) choice of pulse-echo or pitch-catch configuration, (5) transducer diameter, (6) focusing of the ultrasonic beam, (7) choice of longitudinal vs shear waves, (8) angle of incidence of the sound beam, and (9) frequency range of the measurement.
In general, the size, shape, orientation and location of the crack are not known a priori. However, the flaws of interest will lie within certain ranges of these parameters. For example, the minimum (and most difficult to detect) flaw size is about 400 ~m diameter. The orientation will tend to be in a radial plane but may vary by up to about 30°.
Two transducer (pitch-catch) measurements are more difficult to perform experimentally in this geometry. Further, the two transducer measurements do not allow the sound beam to impinge on the crack at any more favorable an angle of incidence than does a single transducer (pulse-echo) measurement. Therefore, the remainder of the discussion assumes that a pulse-echo measurement is being made.
The transducer diameter affects the measurement through the basic diffraction Eq. (1), and through the aberrations which are a function of the beam aperture. For the bare radius of 88.9 rnrn, a transducer having a 1/4 inch diameter prevents the aberrations from becoming significant until internal angles of 50° are reached. Furthermore, the Fresnel transmission loss factor is nearly constant across the beam cross section for internal angles less than 50° (except for shear waves in the range of angles near 0° and near the critical angle for longitudinal waves).
The beam from a plane transducer will be focused in one dimension by the cylindrical surface of the borehole as shown in Fig. 2 . We can conclude that for typical engine disks, this natural focusing occurs at the depth where flaws are likely to be found when the internal angle is in the vicinity of 30°. The beam can also be focused on the flaw using an external lens. This is an important technique for improving the signal-to-noise ratio of the measured signals. An optimum measurement technique should include a lens for appropriately focusing the beam at the expected depth range of the flaws.
It is possible to use either longitudinal waves or mode converted shear waves to interrogate the flaw. The transfer functions for the two propagation modes can be significantly different. In general, one finds that the combined contributions from the diffraction, Fresnel transmission, and scattering factors yields comparable signal-to-noise performance for the two modes when each is used at its optimum angle and frequency. However, since the attenuation arises from grain scattering, the attenuation coefficient of shear waves is about 16 times greater than that for longitudinal waves at a given frequency. Thus the shear wave measurements should be made at approximately 1/2 the frequency of longitudinal wave measurements. Finally, and perhaps most significantly, the angle of incidence at the borehole surface, designated 6inc in Fig. 1 , can be increased until the longitudinal mode is cut off. under these conditions there is only one mode propagating in the metal part. This leads to a reduction in the backscattering noise and prevents spurious signals from flaws intercepted by the unwanted beam. As a result angle beam measurements are conventionally done with shear waves.
The angle of incidence measured in the metal, designated eint in Fig. 1 , is selected according to considerations that minimize the aberrations arising from propagation of the beam through the cylindrical surface, and maximize the signal obtained from the transfer function in Eq. (3). The aberrations are negligible for angles of incidence of less than about 50°.
The selection of the optimum frequency range involves not only consideration of the flaw transfer function (Eq. 3), but also the frequency dependencies of the various noise sources. The paper by Fertig and Richardson 8 discusses the optimization of the probability of detection. The results of this investigation indicate that the signal-to-noise ratio improves at lower frequencies. The specific frequency range is a function of the noise model assumed for the material noise.
In summary, the limits of validity of the current measurement model have been determined and within these limits predictions of measurement schemes have been made. The model needs improvement in the following areas: (1) the diffraction calculations near focal points and at large angles of incidence must be improved, (2) a better calculation of scattering amplitude of a crack in the vicinity of ka = 1 is needed, and (3) the noise model must be improved to account for off axis grain scattering. In the next year of this program the model will be improved and its predictions will be systematically explored.
